Active head restraints are being used to reduce the risk of whiplash in rear crashes. However, their evaluation in laboratory tests can vary depending on the injury criteria and test dummy. The objective of this study was to conduct barrier tests with BioRID and sled tests with Hybrid III to determine the most meaningful responses related to whiplash risks in real-world crashes. This study involved: (1) twenty-four rear barrier tests of the Saab 9000, 900, 9-3 and 9-5 with two fully instrumented BioRID dummies placed in the front or rear seats and exposed to 24 and 48.3 km/h barrier impacts, and (2) twenty rear sled tests at 5-38 km/h delta V in three series with conventional, modified and SAHR seats using the Hybrid III dummy. A new target superposition method was used to track head displacement and rotation with respect to T1. Insurance data on whiplash claims was compared to the dummy responses.
INTRODUCTION
There is interest to develop a consumer test of the rear crash performance of seats and head restraints. RCAR (Research Council for Automotive Repair) has started testing with the BioRID dummy in various test conditions. Thatcham uses the dummy in its offset rear barrier tests evaluating damage repair. IIHS has already conducted rear barrier tests with BioRID (Zuby et al. 1999) . GDV is conducting rear sled tests to evaluate seats with BioRID and the RID2 dummy, a rear impact dummy being developed by a European consortium. They are preparing a standard test procedure for EU with the University of Graz (Steiner et al. 1999 ). The primary criterion of whiplash performance for these evaluations has been the NIC criterion (Bostrom et al. 1996) . While a range in NIC levels has been observed with different seats and head restraints showing correlation with laboratory tests , the sufficiency and validity of the criterion to real-world whiplash risks remains uncertain because of issues raised here and by Kim et al. (2001) .
Over the years, there have been many studies addressing whiplash injury mechanisms.
A widely considered mechanism involves injury of the facet joints in the posterior region of the cervical spine (Barnsley et al. 1995 , Lord et al. 1996 . Deformation of the facet joint is related to the combination of shear and extension of the vertebrae. There is an influence from compression of the vertebrae, which decreases shear stiffness of the neck and increases vulnerability to facet joint injury (Yang et al. 1997 ). Panjabi et al. (1999) recently proposed the IV-NIC (intervertebral neck injury criterion), which is based on the extension angle change of adjacent vertebrae in the cervical spine.
The response is normalized by the physiologic range of motion of each vertebral unit and summed for the cervical spine. This has the effect of providing an overall measure of neck extension, and it also shows the risk of injury from local hyperextension or hyperflexion of each cervical vertebral unit. Brault et al. (2000) proposed that neck extension can also result in contraction-induced injury of the sternocleidomastoid muscle; and, Nibu et al. (1997) proposed that upper cervical hyperextension could stretch the vertebral artery beyond its physiologic limit. Injury of the musculature and ligaments due to over stretch may result in headaches and muscle pain due to upper cervical spine hyperextension , Panjabi et al. 1999 , Walz, Muser 2000 . These injury mechanisms focus on the hyperextension response of the cervical vertebrae, but do not address linear displacements associated with shear and compression forces acting between vertebrae or on the entire cervical spine. Kaneoka et al. (1999) , Yoganandan et al. (1998) and Ono et al. (1997) found that T1 x-and z-acceleration may pinch the zygapophysial joint, but displacement is required for pinching.
Another possible mechanism involves pressure changes in the spinal CSF that may injure spinal ganglia , Svensson 1993 ). The NIC formulation is based on this injury mechanism and derives risk from the x-acceleration and x-velocity of the head (OC) with respect to T1 during the S-shaped response, which occurs very early in the extension response (Bostrom et al. 1996) . Interestingly, this response is solely derived from the x-displacement of the occipital condyles with respect to T1, and it neglects the potential influence of head extension angle and z-displacement changes of OC with respect to T1, which occur later.
These and various other injury criteria and mechanisms lack clinical validation largely because of the inability to clearly diagnose underlying injuries to neck muscles, nerves and soft tissues.
The reliance on reported symptoms of neck pain, headaches, and tingling of the arm are vague and non-specific to pathology detectable by current means; and, the self-reporting of injury is fraught with uncertainty, not the least that financial gain may be received for an injury claim. However, even without clear diagnoses of whiplash disability, neck deformations seem to be a key factor in injury causation.
While the most widely considered criteria involve neck deformation, the most common measurements in sled and barrier tests are neck shear force, tension/compression force and bending moment. Moments and forces in the upper and lower neck are relatively easy to measure in a dummy, but they vary considerably during the dynamic interactions with the head restraint during head loading and rebound. Most information is available on the upper neck loadcell responses, although Prasad et al. (1997) has reported data from a lower neck loadcell and found the bending moment pertinent. Today, information is also being reported on vertebral accelerations that are measured to determine NIC. However, displacement (strain) most often has the strongest correlation with soft tissue injury (Viano et al. 1989 ).
The biofidelity of the Hybrid III dummy has been largely unknown for low-speed rear crashes until recently, except for its neck calibration performance to a moment-angle specification. It has been the most widely used in testing until the last few years, when studies have extended the understanding of biofidelity in neck responses for lowspeed rear impacts (Foret-Bruno et al. 1991 , Scott et al. 1993 , Geigl 1995 . BioRID is increasingly being used and has better biofidelity than the Hybrid III when compared to volunteer and cadaver responses , 1999a ,b, Linder et al. 2000 .
While the BioRID P3 has shown favorable comparisons to volunteer and cadaver responses in rear sled tests, there remain few dummies to evaluate crash performance, particularly in out-of-position conditions or crashes of higher severity. Furthermore, the dummy cannot be used in non-symmetric seating configurations or when there is an asymmetric deformation of the seat because of a high torsional stiffness of the spine. The RID2 dummy is also just emerging for testing.
While there remains a lack of consensus on the underlying injury mechanisms and dummies for whiplash risk assessment, there has been the development and implementation of whiplash prevention seats and active head restraints. The Saab Active Head Restraint (SAHR) system aimed to prevent the most serious, long-term disabilities that can occur after rear crashes with symptoms lasting more than 6 months. Although scant data are available, Krafft (1998) has shown that these injuries generally occur in high-speed rear crashes with substantial vehicle and seat deformation. The aim of SAHR was to reduce neck responses for the higher speed rear crashes and for out-of-position conditions where a low-speed crash can generate relatively high neck responses. Nonetheless, performance was also sought for low-speed tests. The principals of whiplash prevention with the SAHR system can be found in Viano, Olsen (2001) and will not be repeated here.
The RCAR consortium testing has mainly focused on inposition seating whereas numerous studies have offered the insight that an occupant is often leaning forward in the seat at a stop or during turning, or driving with a large recline angle of the seatback while sitting upright. These initial conditions increase the impact of the occupant into the seat and head restraint. In a recent field study of rear crashes, 80% occurred when the vehicle had just come to a stop at an intersection or to make a turn (Viano, Olsen 2001 ). This level is consistent with that observed by Warner et al. (1991) , who found that vehicle braking causes the occupant to lean forward 70-100 mm at the most likely time of a rear impact. Figure 1 shows the current research test matrix used to evaluate active head restraint systems (Viano 2002 The focus of the tests reported in this paper is on inposition responses, because of the pending consumer test under development by the RCAR group. However, the potential importance of out-of-position conditions must be emphasized in an overall evaluation of occupant responses in low-speed rear crashes (Viano 2002 , Strother et al. 1994 ). The results of many previous studies have shown that the severity of loading increases with gap behind the head, and low speed tests with a gap of 350 mm produce results more like an in-position test at considerably higher speed.
Field crash data are used to establish an inference between the laboratory tests and real-world crash injury. The Saab 9000 and 900 have a conventional head restraint, and the Saab 9-3 and 9-5 have the SAHR (Saab Active Head Restraint) system included in a modified seatback. The SAHR system has been in production since 1997. Folksam regularly evaluates whiplash claims for cars in Sweden by a method developed by Krafft (1998) . Figure 2 shows the most recent data with the Saab 9000 and 900 in the "best performing" vehicle group with a low whiplash claims frequency. Folksam (2000) recognizes the Saab 900 as the best performing vehicle in rear crashes, so comparisons made to the performance of the Saab 9000 and 900 in this study are to vehicles with industry-leading performance in whiplash prevention.
Saab recently completed a field whiplash study in Sweden (Viano, Olsen 2001) . All Saab vehicles are sold with a 3 year insurance policy from Dial Insurance AB, so a reasonably large database of crash information was available over an 18 month period. The incidence of whiplash claims was available for the Saab 9000, 900, 9-3 and 9-5, and this data could be compared to the laboratory test results to infer relationships between field performance and injury criteria and dummy responses. The aims of this study were to: 1.) conduct a range of barrier and sled tests with the BioRID and Hybrid III dummy, 2.) measure neck displacement and rotation in terms of three time histories, OC rotation, x-displacement and z-displacement with respect to T1, which are viewed as cross-plots of head rotation versus x-displacement, and z-versus x-displacement, 3.) overlay the neck displacements on the natural range of motion, where responses from various crash severities and seating positions can be shown on the same graph, 4.) compare recently published whiplash injury claim data on Saab rear crashes with and without the SAHR active head restraint system to laboratory response data, and 5.) evaluate head and neck kinematic and biomechanical responses as an additional criteria to assess whiplash potential in realworld crashes of various seats and head restraint systems.
METHODS

Rear Barrier Crash Tests
Twenty-four rear barrier crash tests were conducted on the Saab 9000, 900, 9-3 and 9-5. The moving barrier tests were conducted at the Saab Crash Safety Center in Trollhattan, Sweden. The impact speed was 24 passenger seats, or the rear outboard and center seating positions. There were comparable tests with the front seat head restraint in the up and down position. Identical tests were also performed on manual and power seats.
The barrier crash test method was similar to FMVSS 301 with a rigid moving barrier of 1840 kg mass and the struck car standing still (Figure 3a) . The vehicles represented an average specification with air conditioning, automatic transmission, 80 kg trunk load, 90% fuel and two occupants. In each test, two instrumented BioRID P2 dummies were placed in the front or rear seats. Figure 3b shows a schematic of the BioRID P2 dummy and instrumentation used. The front seats were positioned in the down-most position and 25 mm forward of mid-position. The dummy was set to a 25° H-point/torsoline with a prescribed gap to the head restraint. Seatbelts were used and the belt pretensioner was active in the Saab 9-3/9-5. Manual and power adjusted seats were tested because they have different stiffness. All driver seats were adjusted with the head restraint in the upper most position and all passenger front seats had the head restraint in the down most position. Lumbar supports were in the non-activated position. In the rear seat, the BioRID P2 dummies were positioned in the left outer position and in the middle seating position with the head restraint in the upper most position if adjustable.
The BioRID P2 dummies were positioned in the front seat similar to the FMVSS 208 procedure for the Hybrid III dummy. With this procedure in Saab cars, the gap between head and head restraint in front seats was 58 mm. In rear seats, the gap varied from 76-140 mm depending on dummy position (left rear or middle rear) and the head restraint geometry. The cars were instrumented with two accelerometers, one on right rear sill and another on the left rear sill. Two onboard high-speed cameras with 1000 fps were mounted on the cars to study the dummy kinematics and seat performance. However, because of the oblique location of the cameras and movement of the dummy, detailed film analysis of the head and neck response was difficult, although kinematics were estimated. The films provide an overall perspective of the crash dynamics.
The transducer data was filtered according to SAE recommended practices. The upper and lower neck x-accelerations were used to calculate NIC by the procedure in Bostrom et al. (1996) using SAE 180 filtering:
where a x is the relative x-acceleration and v x the relative xvelocity between the occipital condyles (or C1) and T1.
Rear Sled Tests
Twenty Hyge sled tests were conducted on seats with conventional, modified and active head restraints. The tests were conducted in three series at the Lear Seating Division, Southfield, Michigan. The first series involved rear sled tests at delta Vs from 5-38 km/h. The tests involved Saab 900 and 9-3 seats so a direct comparison could be made between a seat with and without the active head restraint. In a second series, identical tests were conducted at 18 km/h and 11 g pulse with a conventional luxury seat (baseline), the same seat with a modified head restraint that reduced the gap to the back of the head, the same seat fit with a Cervigard-shaped head restraint, and finally the seat fit with SAHR in a modified seatback according to the design principals described in Viano, Olsen (2001) and Viano (2002) .
In the third series, the Saab SAHR and Volvo WHIPS seats were tested at 24 km/h and 13.3 g pulse to compare the performance at higher speed. For all the tests, the Hybrid III dummy was used. Instrumentation included the upper and lower neck loadcells, and the typical head, chest and pelvis triaxial accelerometers. Additional uniaxial accelerometers were mounted on the OC and T1 in the x-direction to calculate NIC. An open sled buck was used with a stanchion for the shoulder belt BioRID BioRID accelerometers and neck load cell
BioRID BioRID accelerometers and neck load cell Kinematics from the inboard perspective was recorded on high-speed video.
Neck Displacement Response
A novel new approach was developed at Lear to visualize the head cg (and occipital condyle) translation and rotation with respect to T1. Figure 4 shows video images from two rear sled tests where the position of the head is shown with a projection of the initial head position using a moving reference frame fixed to the clavicle (T1). A photographic target was fixed to the clavicle of the dummy and included two adjacent circular targets. The spacing between them and the projection to a similar target at the head cg were used to superimpose a target on the clavicle for every fourth frame of the video.
Since the superimposed target was fit to the two circles on the clavicle target, it showed the projection to the initial head position in a fixed reference frame attached to the clavicle or T1. Any x-or z-displacement and head rotation with respect to T1 can be easily seen in the video. This gives a clear indication of head and neck motion during the rear impact.
However, conventional frame-by-frame video analysis was used to provide the displacement and rotation time-histories to ensure precision. For the sled tests, head (OC) rotation and x-and zdisplacement were determined with respect to T1. These responses are likely related to whiplash injury due to the cumulative effects of neck shear, tension and compression forces and bending moments that displace the head and neck with respect to T1. This approach extends the hypothesis of Panjabi et al. (1999) , which is based on individual vertebral rotations summed over the whole cervical spine, and includes the considerations of Yang et al. (1997) involving neck compression and shear effects on facet loading. The combination of OC rotation and displacement with respect to T1 includes neck deformations at various levels of the cervical spine. These responses are important for an overall assessment of neck injury risks and are driven by T1 motion, which involves translation and rotation from seat and head restraint loading (Davidsson 2000) . Figure 5a shows the corridor bounding the natural range of motion of OC rotation versus x-displacement with respect to T1. The corridor is based on 10 volunteers in rear sled tests in rigid and standard seats without head support (Viano, Davidsson 2001) . It is a trapezoidal shape with a natural 40 mm rearward x-displacement with no head rotation. Rearward x-displacement without head rotation gives the S-shaped response. This occurs by shear force and extension moments on the lower neck that may cause facet joint loads on the lower cervical spine as the x-displacement increases. For facet joint loading, injury risk is directly proportional to the degree of head rearward displacement and head rotation, based on the vertebral rotation concept initially proposed by Panjabi et al. (1999) .
Neck Displacement Criterion (NDC)
As the head extension angle increases, the hyperextension response occurs at larger rearward xdisplacement and head (OC) rotations of 60 0 -80 0 . In this case, the progression from the S-shaped response to hyperextension involves greater rotation of the upper cervical vertebrae with potential injury of all facet joints in the neck. The dotted line indicates that the maximum voluntary displacement has not been determined at the threshold of injury; and, the flexion corridor is shown only to visualize the complete curve. It needs to be determined from separate volunteer tests and analysis. For any motion sequence, neck injury risks increase as the combined response is close to the corridor and falls outside the natural range of motion. Given a sled or barrier test, time-history responses are cross-plotted and superimposed on the graph. Head contact with the head restraint and interactions can be clearly seen in the responses leading to rebound where the flexion response is assessed.
The vertical displacement of the head (OC) with respect to T1 is another factor in neck injury. Yang et al. (1997) have shown that with compression of the neck, the This increases vertebral displacement and load on the facets. Figure 5b crossplots the z-and x-displacement of the OC with respect to T1 and shows the corridor for the natural range of motion. Again, the S-shaped response and hyperextension responses fall into extremes of the natural range of motion.
The head rotation angle and z-and xdisplacement of OC with respect to T1 show the response of the neck that may be linked to various mechanisms of whiplash injury from vertebral rotation, shear and compression. The neck displacement responses reflect the sum of effects of neck moments and forces that vary through a rear crash and may be used to visualize various injury mechanisms. Figures 5a and 5b include a visualization of the natural range of motion for flexion and similarly may provide a means of assessing injury risks during rebound from a rear crash, so the full assessment of risks by various mechanisms and throughout the crash is considered because of a lack of fundamental understanding of injury mechanisms and the timing of injuries.
The x-displacement time history of the OC motion with respect to T1 can also be used to calculate NIC. This can be done by differentiation of the x-displacement to get the x-velocity and differentiation again to determine the relative x-acceleration between the two points. Calculating NIC from differentiation of the x-displacement response avoids many of the filtering issues that have arisen from analysis of OC and T1 BioRID x-acceleration responses; and, it avoids the potential misalignment of the sensitive axes of the OC and T1 accelerometers when head rotation occurs; but, differentiation has its own numerical issues and the accuracy needs to be verified. Table 1 shows the average and standard deviation in delta V for the two barrier test speeds. The average delta V ranged from 15.7-16.3 km/h for the 24 km/h rear barrier impacts, and 26.7-27.4 km/h for the 48.3 km/h barrier tests. Figure 6 shows the rear impact damage in the 24 km/h crash tests for the four Saab models. The damage is limited to the bumper and exterior sheet metal with essentially no frame damage. Figure 7 shows the damage for the 48.3 km/h crash tests. In this case, there is more extensive damage of the body frame with crush up to the rear wheels. Figure 8 gives the NIC results for the front seating positions for the 24 km/h and 48.3 km/h tests, and the full results can be found in the Appendix. For these tests, NIC is determined from the x-accelerations of the head and T1 using Eq. 1. For the 9-5 and 9-3, NIC was 36% and 44% lower with the head restraint in the up compared to the down position. The opposite trend was seen in the 9000 for the 48.3 km/h tests, where NIC was 37% higher in the up head restraint position. Figure 9 gives the NIC results for the rear seating positions for the 24 km/h and 48.3 km/h tests, and the peak responses can be found in the Appendix. The rear seating positions often had higher NICs than the front seats. Figure 11 shows the NIC, x-displacement and head rotation for the 16 km/h delta V tests of the Saab 9-3 with SAHR active head restraint system and the Saab 900 with standard head restraint. The Hybrid III responses with the Saab 900 and head restraint in the down position were the highest in this comparison at 16 km/h rear delta V. Higher responses are also seen in the peak upper neck shear force, tension and bending moment (Figure 12 ). Table 2 gives the dummy responses from the Saab 9-3 and 900 sled tests. In the lowest speed tests, NIC was lower for the Saab 900 than the Saab 9-3 even though the impact speed was higher. However, head rotation and xdisplacement were more than double in the Saab 900 than with SAHR in the 9-3. An additional video analysis was made to determine the OC-T1 displacements for several of the 16 km/h sled tests. Table 3 compares the Saab 9-3 and 900 results with the head restraint in the up and down position. With SAHR in the down position, there are 34% lower neck displacements on average than the Saab 900 standard head restraint in up position. This performance was a principal design goal of the active head restraint system and provides greater protection with the SAHR head restraint down than a standard head restraint in the up position. When the seats are compared with the head restraints in the up or down position, there was a 72% and 61% reduction with SAHR, respectively. Figure 13 shows the target superposition for two comparable sled tests at 16 km/h. The Saab 900 seat is fit with a standard head restraint (left column) and the Saab 9-3 has the SAHR active head restraint system (right column). Both tests involved a low head restraint position. The head is seen to displace and rotate more in the Saab 900 test. The increased compliance of the Saab 9-3 upper seatback reduces neck displacements early in the loading and the forward and upward motion of the SAHR system supports the head as it deforms the foam in the head restraint. This action holds the head more forward reducing its rotation and rearward displacement. Figure 14 shows another example of the target superposition technique for two comparable sled tests in the second series with the head restraint up. The same seat is shown with a standard head restraint (left column) and SAHR active head restraint system (right column). The head displaces and rotates more with the standard head restraint, especially later in the crash sequence as the head deforms the head restraint. The neck displacements are much greater in the baseline test, even with the head restraint in the up-most position. The forward and upward motion of the active head restraint again helps support the head as it deforms the foam in the head restraint lowering neck displacements. Figure 15 : Peak head and neck responses in 18 km/h rear sled tests with a baseline luxury seat, and the same seat fit with a thicker head restraint, the Cervigard-shaped head restraint and with SAHR implemented in the seatback. Figure 15 summarizes the key responses from the four tests conducted in the second sled series. The baseline seat has the highest neck and head responses and the SAHR system gives the lowest. When the head restraint is made thicker, reducing the initial gap behind the head, or when the Cervigard-shaped head restraint is used (also with a smaller initial gap), an intermediate level of response is produced. These data show that SAHR implemented in a seat can reduce neck biomechanical responses in a rear crash.
RESULTS
Rear Barrier Crash Tests
Rear Sled Tests
In the third series, the Saab SAHR and Volvo WHIPS seats were evaluated in comparable 24 km/h rear sled tests. Figure 16 summarizes the key responses, and shows lower peak neck biomechanical responses with the SAHR system. These responses allow comparisons when field data on WHIP become available. Figure 17 cross-plots NIC versus x-displacement rearward for three sled tests at 16 km/h from the first series. NIC max usually occurs at head restraint contact, before maximum neck displacements. In the sled test with the Saab 900 and head restraint up, NIC max occurs at about 2 mm of xdisplacement rearward. This is a situation where the maximum x-displacement of the head cg occurs much later and reaches about 45 mm. The other two responses give a direct comparison of the Saab 900 and Saab 9-3 SAHR with the head restraint in the down position. In these tests, the NIC max occurs at about half of the maximum head displacement. Since NIC max often occurs before the primary head restraint interactions, the criterion does not differentiate head restraint designs or injuries occurring at that time. 
DISCUSSION Neck Responses Related to Whiplash
After the testing and review of the literature on underlying neck injury mechanisms, neck displacement responses seem to be meaningful in assessing whiplash risks in lowspeed rear crashes. Humans have a natural range of motion for head rotation, and horizontal and vertical displacement.
When the biomechanical response approaches and exceeds that range, the risks of injury increase by any one of several mechanisms. The Neck Displacement Criterion (NDC) assesses the overall neck response from the occipital condyles to T1 that is contributed to by each vertebral element. For extension, horizontal displacement without head rotation simulates the S-shaped response that may occur early in a crash and involves extension of the lower cervical vertebrae. As head extension increases, the combined response reflects the risk of hyperextension (see Figure 5a) where the upper and lower vertebrae are in hyperextension.
To our knowledge, a neck displacement response and NDC have not been previously proposed in this format. Their use has been found to be a robust approach when various seats and head restraint concepts have been evaluated; and, it lends itself to easy, direct measurement in sled or barrier tests. The neck displacement responses include three time histories: OC (head) rotation, x-and zdisplacement of OC-T1; and, they are presented as two cross-plots of OC (head) rotation versus x-displacement and the z-versus x-displacement of OC with respect to T1.
The IV-NIC criterion proposed by Panjabi et al. (1999) addresses vertebral rotations that may load the facet joints. This is an important factor. When the individual responses are summed for the cervical spine, the full rotation can be compared to the natural range of motion. The individual responses address the potential for a hyperextension (or hyperflexion) injury at each adjacent vertebrae. This helps locate the cervical level at greatest risk of injury. However, the IV-NIC does not include neck x-and z-displacements as part of the criterion. Shear and compression forces are a factor in neck injury at the facet joints. These studies demonstrate that the assessment of whiplash risks may need to include the x-and z-displacement of the head OC with respect to T1 along with OC rotation to fully evaluate injury risks at the facet joint and other regions of the neck. The speed of neck deformation may be an additional factor that can be addressed by differentiation of the OC-T1 rotations and displacements, but more analysis is needed to consider this effect.
A new measurement method is being developed to directly give the displacement data usually determined from film analysis and by using the target superposition method. The approach involves the use of a goniometer made up of potentiometers fixed to the occipital condyles and T1, and an LVDT measuring the change in distance between the rotational potentiometers during a test. In a test, the potentiometer on the head gives rotation about the occipital condyles and the rotation of the pot attached to T1 and the distance change gives the horizontal and vertical displacement of the occipital condyles with respect to T1. This measurement method is most useful in rear barrier tests where a clear lateral view of the headneck response is not always possible because of interferences from vehicle pillars and body structures, rotation of the seatback and dummy kinematics. The measurement technique offers an approach to directly determine NDC in extension and flexion during dummy tests.
For historic reasons, the neck moment and force responses at the occipital condyles and base of the neck (T1-C6 junction) have been measured in rear crashes. Head rotation and moment are used to calibrate the neck of the Hybrid III dummy, but similar performance criteria have not been established for horizontal and vertical displacement, even as the natural range of motion shown in Figure 5 is a logical approach. In recent low-speed rear crash testing, limits on peak neck shear and bending have been proposed (Steiner et al. 1999 ), but the neck dynamics are quite varied during the various phases leading up to head contact, head restraint loading and rebound, and the responses are even more complicated in out-of-position tests. An advantage of using neck displacement is that it gives the cumulative effect of all dynamic loads between the OC and T1 over the full crash duration and shows head interactions with the head restraint causing neck deformation. One option, however, may be to assess the force and moments as a function of neck displacement. In this way, a large force or moment when the neck is at the extreme of the natural range of motion may be more injurious than high loads with small neck displacements. The advantage of this approach needs to be considered further.
The proposal to measure neck displacements in rear sled and barrier tests is based on physical principals of displacement-related injuries of the neck. While the responses to be determined are known, it is too early to define tolerance levels. This work will require analysis of human volunteer responses, such as those from , Davidsson et al. (1999b) and Davidsson (2000) . Also, the determination of the dummy biofidelity with regard to OC-T1 rotation and displacement is needed to adjust tolerances from the human to the test device. In the interim, adequate film coverage and instrumentation should be used in rear sled and barrier tests, so that displacement data can be obtained in laboratory tests. This will allow a careful evaluation of head interactions with the head restraint and determination if any rate effects may need to be considered in a final proposal for injury tolerances. Also, a well defined T1 kinematic (rotation and translation in a fixed inertial reference) is needed for the determination of biofidelity and injury assessment.
Neck injury criteria that are based on acceleration of the vertebrae are a problematic approach to assessing whiplash and should be avoided. The NIC criterion uses the x-acceleration and integrated velocity difference between the occipital condyles and T1 to assess whiplash risks. More recently, Jakobsson (2000) suggested using the relative velocity difference for each adjacent vertebrae as a measure of risk. These approaches are fraught with technical problems of drift, stability and filtering of the signals, instability of integration, and increasing inaccuracies with whole body rotations that change the orientation of the accelerometer's active axis with respect to the inertial reference frame. As more biomechanical information is determined on human responses, deformation of the body has been found to be a meaningful approach to assessing injury. Acceleration of a point or difference between points has been generally found to be an unreliable approach. This was the case in the rear barrier and sled tests with BioRID and Hybrid III. Figure 18 shows the NIC results from rear crash tests of the Saab 9-3 SAHR, Volvo WHIPS and GM Grand Prix conducted by IIHS (1999). The original paper by Zuby et al. (1999) did not include neck displacements, which were determined in this study. The SAHR and WHIPS show similar NIC responses and the Grand Prix is rather close. This is interesting because the initial design head gap in the Grand Prix was 81 mm compared to around 45 mm in the tests with the WHIPS seat and SAHR active head restraint system. More interesting is the maximum head x-displacement with respect to T1. This shows a much lower response with the SAHR system than either WHIPS or the Grand Prix. This displacement reflects a lower shear load on the neck. When the x-displacement is compared at the time of maximum NIC, there is also a lower response with the SAHR indicating an earlier difference. However, NIC peaks very early in the x-displacement response for some seats. More troubling is that in a number of other tests, the peak NIC occurs with inappreciable x-displacement of the neck. It is unlikely that injury can occur to any soft tissues of the neck without displacement. Even the hydraulic injury mechanism proposed by Aldman ) requires a volume change of the cervical CSF space to create a pressure pulse. The Saab 900 head restraint up test shown in Figure 17 is a good example of peak NIC occurring with only 2 mm of xdisplacement.
Further Evaluation of IIHS Rear Crash Tests
Saab Field Crash Data and Interpretation of Laboratory Tests
A study was recently completed on Saab vehicles in realworld rear crashes (Viano, Olsen 2001) . A short summary is given here as background for the inference to laboratory tests. Rear crashes were investigated in Sweden from September 1998 through April 2000, and insurance records were evaluated for whiplash. The vehicles included the Saab 900 and 9000 that were equipped a conventional head restraint and the Saab 9-3 and 9-5, which included the SAHR active head restraint as standard equipment in the front seats. Dial Insurance AB provided an accident report and a photograph of the damaged vehicle, and a special questionnaire was mailed to the occupants involved in the rear crashes. The outcome was recorded as no injury (NI), short-tem pain lasting <1 week (ST), medium term whiplash injury lasting <10 weeks (MT), and long-term whiplash extending >10 weeks (LT). Demographic information was also obtained.
177 front-seat occupants were in the crashes. Table 4 summarizes the main results. There were 85 cases in cars without an active head restraint, and 92 cases in cars with the SAHR system. In the first evaluation, SAHR reduced the risk of MT-LT whiplash injury by (75 + 11)% from an incidence of (18 + 5)% in vehicles with standard head restraints to (4 + 3)% with SAHR in rear crashes. If only LT cases are considered, the reduction was 69% from 11% in the Saab 900/9000 to 3% in the Saab 9-3/9-5. Occupant demographics were statistically similar in age, weight and height.
In a follow-up phone interview in February 2001, the rate of long-term whiplash disability was 6.1% in the Saab Licensed to University of British Columbia Licensed from the SAE Digital Library Copyright 2010 SAE International E-mailing, copying and internet posting are prohibited Downloaded Monday, January 25, 2010 6:48:41 PM 900/9000. This involved some reclassification of injuries and the removal of a few individuals with pre-existing whiplash injury from the sample. On this basis, there were no cases (0%) of long-term disability with SAHR in Saab 9-3/9-5 rear crashes, since the three individuals with LT claims had pre-existing neck injuries from earlier rear crashes. None of these individuals felt that the current accident aggravated their existing medical disability. Included in Table 4 are summary results from the BioRID and Hybrid III tests. Based on the field results from the Saab 9-3 and 9-5 crashes, NIC values up to 27 are unlikely to represent response levels that are consistent with a risk of disabling whiplash injury. One might conclude that NICs in the range of 30-35 are consistent with an 11% chance of whiplash, as found in the Saab 9000 cases; however, this does not determine a correlation with injury or provide support for use of the criterion. While the NIC from Hybrid III seems to show a correct trend, the full data from testing does not support its use in evaluating whiplash. Neck displacements show a more consistent relationship to the field injury results. Figure 19 plots the peak OC-T1 neck displacements from four 16 km/h tests with the Saab 9-3 and 900. There are lower values with the 9-3 SAHR, irrespective of head restraint position. Also shown are the 18 km/h results from the baseline luxury seat and when SAHR was implemented in it, both with an up head restraint position. The results are well within the corridors for the natural range of voluntary motion and are consistent with the freehead motion of the Hybrid III in a 9.3 km/h sled tests, which is also shown. The various data are superimposed to show how this type of cross-plot allows the merging of results for comparison. Obviously, additional data and analysis are needed with a wider range of seats and test conditions before performance goals can be established for Hybrid III and BioRID. However, the use of NDC seems to be a worthy additional approach for whiplash assessment.
The rear seating position with BioRID often had higher NICs than the front seats. This is an opposite trend from what has been seen in field crashes (Lovsund et al. 1988 ).
The low incidence of whiplash in the rear seating positions may be related to the horizontal trajectory of the head restraint as the seatback is integral to the car structure and does not rotate rearward under occupant load. This may be one factor in the safety performance among demographic considerations, even though the gap was somewhat higher than that of the front seats in the barrier tests.
Problems with BioRID and Hybrid III Dummies
A number of issues were found with the BioRID and Hybrid III dummies used in the rear barrier and sled tests.
The BioRID dummy has a high torsional, shear and extension/compression compliance of the spine. This is due to the pinned connection of the vertebral elements and the cable tensioning system of the spine. The dummy needs spinal compliances that at least mimic that of the Hybrid III dummy and eventually more humanlike responses.
Torsional compliance is needed in situations where the seatback rotation is not symmetric and one side twists rearward more than the other. This situation is accentuated with lateral positioning of the dummy in the seat. Many important injury criteria are based on the premise that neck compression and shear contribute to whiplash injury.
While the dummy matches biomechanical corridors for volunteer and cadaver responses for free head motion (Davidsson et al. 1999b ), proper force-deflection compliance of the neck is needed with head restraint interactions. Other modes of neck deformation also need to be simulated (Ono et al. 1998 . In addition, some increased rebound was seen with the BioRID, and there were difficulties in handling the dummy and placing it in the design seating position.
For the Hybrid III dummy, the rigid thoracic spine causes earlier seat loading particularly when there is a structural cross-member in the upper back region. This causes earlier responses than the human. Also, the rearward protrusion with the lower neck loadcell made it impractical for use in some test conditions. Both these situations prevent the Hybrid III dummy from simulating the displacement and rotation of T1 that would occur in volunteers and BioRID during rear sled tests (Davidsson 2000) . Realistic T1 kinematics, including translation and rotation, are needed to drive the base of the neck and initiate the biomechanical responses associated with whiplash. 
